The homeologous Orp1 and Orp2 regions of maize and the orthologous regions in sorghum and rice were compared by generating sequence data for Ͼ486 kb of genomic DNA. At least three genic rearrangements differentiate the maize Orp1 and Orp2 segments, including an insertion of a single gene and two deletions that removed one gene each, while no genic rearrangements were detected in the maize Orp2 region relative to sorghum. Extended comparison of the orthologous Orp regions of sorghum and japonica rice uncovered numerous genic rearrangements and the presence of a transposon-rich region in rice. Only 11 of 27 genes (40%) are arranged in the same order and orientation between sorghum and rice. Of the 8 genes that are uniquely present in the sorghum region, 4 were found to have single-copy homologs in both rice and Arabidopsis, but none of these genes are located near each other, indicating frequent gene movement. Further comparison of the Orp segments from two rice subspecies, japonica and indica, revealed that the transposon-rich region is both an ancient and current hotspot for retrotransposon accumulation and genic rearrangement. We also identify unequal gene conversion as a mechanism for maize retrotransposon rearrangement.
T HE grasses, including major cereals such as rice, the sh2/a1-homologous regions of maize, sorghum, and maize, wheat, barley, and sorghum, are the most rice (Chen et al. 1997) ; the adh1-homologous regions agronomically and economically important plant speof maize, sorghum, and rice (Tikhonov et al. 1999 ; cies. Despite their fairly recent origin from a common Ilic et al. 2003) ; the LrK-homologous regions of barley, ancestor, the grasses exhibit broad variation in genome maize, rice, and wheat (Feuillet and Keller 1999) ; size. On the other hand, comparative genetic mapping the genomic regions near Vrn1 and its orthologs in of rice, maize, wheat, sorghum, and other grasses has wheat, barley, sorghum, and rice (Ramakrishna et al. revealed extensive conservation of gene content and 2002a) ; the Zein gene cluster of maize and its orthologs gene order in all species investigated to date (Gale in sorghum and rice ; the Rp1-homoloand Devos 1998), although some large chromosomal gous regions of maize and sorghum (Ramakrishna et rearrangements were also observed (reviewed in Pateral. 2002b ); the Rph7-homologous regions of barley and son et al. 2000) . These studies have provided a foundarice (Brunner et al. 2003) ; and the lg2/lrs1-homeolotion for understanding grass genome evolution and gous regions of maize and its ortholog in rice (Langham have led to the map-based isolation of agronomically et al. 2004) . These studies uncovered little or no retenimportant genes (Brueggeman et al. 2002; tion of sequence homology in intergenic spaces but al. Yan et al. 2003 Yan et al. , 2004 Yahiaoui et al. 2004) .
indicate general conservation of gene content and gene With the near completion of the rice genome seorder between orthologous genomic segments of grass quence (Feng et al. 2002; Sasaki et al. 2002; Rice Chro- genomes. In addition, many exceptions to genome mimosome 10 Sequencing Consortium 2003), cross-specrocolinearity such as gene deletion, insertion, duplicacies sequence comparisons in the grasses become tion, inversion, and translocation were observed (reincreasingly feasible. So far, several orthologous grass viewed in Bennetzen and Ma 2003) . genome segments containing more than one gene have Traditional cytological analyses suggested that maize been compared at the level of DNA sequence, including originated from a tetraploid (McClintock 1930) , while other genetic and molecular data also indicate that the maize genome contains many duplicated genes and duSequence data from this article have been deposited with the plicated segments with colinear gene arrangements EMBL/GenBank Data Libraries under accession nos. AF466200, (Rhoades 1951; Helentjaris et al. 1988 ; Ahn and AY555142, and AY555143.
Tanksley 1993; Davis et al. 1999) . Some duplicated 1 restriction enzymes Asc I, Not I, Pac I, and Swa I. The restriction and Doebley 1997; Ilic et al. 2003; Langham et al. 2004;  fragments were separated by pulsed-field gel electrophoresis, Swigoňová et al. 2004) . By examining the patterns of transferred to nylon membranes, and hybridized with the Orp sequence divergence among 14 pairs of duplicated probe to estimate the BAC insert sizes and to construct restricgenes in maize, Gaut and Doebley (1997) (Gordon et al. 1998) . Sorghum clone SB18C08 was sequenced at ‫-8ف‬fold redundancy, while maize clones colinear regions in sorghum and rice provides numer-ZM573L14 and ZM573F08 were each sequenced at ‫-21ف‬fold
ous insights into the nature and timing of local genomic redundancy. Gaps were filled by a combination of several rearrangements that occurred in these three important approaches, as described earlier (Ramakrishna et al. 2002a base (http:/ /www.ncbi.nlm.nih.gov/BLAST/). Sequences identified as candidate genes by the gene-finding programs were further investigated to determine whether they were actually genes. In our earlier rice genome annotation studies, MATERIALS AND METHODS for instance, we found that Ͼ30% of the candidate genes identified by these programs were actually transposons or BAC selection: An Orp probe was obtained from maize by PCR using primers based on the complete coding sequence transposon fragments ). So we used conservation in a distantly related species as an additional of the Orp2 gene (GenBank accession no. M76685). A HindIII BAC library with inserts from cultivar BTx623 sorghum DNA criterion for gene certification. Hence, candidate rice genes were used as queries in BlastX searches against the full Gen-(http:/ /www.tamu.edu/bacindex.html) and a Mbo I BAC library made from B73 maize DNA (Yim et al. 2002) were Bank database, but were considered likely genes only if they detected homology at an expect value of Ͻe Ϫ05 in some species screened with the Orp probe as described previously . The positive BAC clones detected in both libraries other than rice. The recent release of the genome sequence for maize (Whitelaw et al. 2003 ) provided a particularly useful were fingerprinted with restriction enzyme HindIII and further confirmed by gel-blot hybridization analysis. Meanwhile, data set for this analysis. Shared genes were detected by orthologous sequence comthe identified BAC clones were digested with 8-bp specificity Cereal Genome Structure and Evolution parisons and multiple sequence alignments using CROSS_ probes from 10 additional genes physically linked to the MATCH, BLAST2, and ClustalX (Thompson et al. 1997 queries were conducted to identify potential homolo-
The genes in sorghum were named in numerical order by gous segments of rice. A contig of five overlapping fintheir position on the sequenced BAC, while the genes in rice and maize were numbered according to their homology to ished BAC sequences (GenBank accession nos. AP00-the shared genes in sorghum. Three unshared genes in rice 3896, AP005620, AP005618, AP005250, and AP004591) and one unshared gene in maize were given alphabetical desigfrom the japonica cultivar Nipponbare were found to connations.
tain most of the genes homologous to the genes pre- (Table 1) .
transposon insertion and gene duplication in rice were
The average gene density is one gene/7.3 kb, similar to estimated in a manner similar to SanMiguel et al. (1998) and that previously observed in the sorghum sh2/a1 region Ramakrishna et al. (2002a) , respectively. For dating LTRretrotransposon insertion times, the molecular clock was set (Chen et al. 1997) , the sorghum adh region ( the density of one gene/10.8 kb in the 215-kb region comprising the kafirin gene . No intact transposable elements were annotated in the sorghum RESULTS region, but two non-LTR retrotransposon fragments Isolation of Orp segments of sorghum, maize, and (Ϫf) and one DNA transposon fragment (TNP2-f) were rice: The maize genes Orp1 and Orp2, encoding the detected by homology-based searches ( Figure 1 ). ␤-subunit of tryptophan synthase, have been cloned and The complete sequence of the Orp1 segment in maize mapped to the short arms of chromosomes 4 and 10, clone ZM573F08 is 181,627 bp (GenBank accession no. respectively (Wright et al. 1992) . From earlier compara-AY555142). It contains four identified genes (Table 1) . tive maps of the cereals (e.g., Gale and Devos 1998),
The average gene density is one gene/45.4 kb. LTR it appears that these two chromosome arms are homeoretrotransposons in this region are more abundant than logues. That is, they are orthologous regions descended in the average sequenced regions of maize ( Song et al. 2002; Ilic et al. 2003) . A total of 14 tiguous series (contigs) of maize BAC clones that hybrid-LTR retrotransposons, one solo LTR, and three retroized to the Orp probe were generated by fingerprinting transposon fragments were identified (Table 1) , constiand restriction map analysis. Only one contig of BACs tuting ‫831ف‬ kb of DNA ‫%67ف(‬ of the region). The that contain an Orp gene was detected in sorghum.
majority of the retrotransposons in this region are orgaBecause the maize genome is primarily composed of nized in typical nested fashion (SanMiguel et al. 1996) . large blocks of LTR retrotransposons, often organized
The four predicted genes are separated into two gene in a nested insertion pattern (SanMiguel et al. 1996 ; Fu pairs by the largest ‫35ف(‬ kb) retrotransposon block. and Dooner 2002; Song et al. 2002; The complete sequence of the Orp2 segment in maize 2002, 2003) , it was difficult to predict which BACs of clone ZM573L14 is 144,792 bp (GenBank accession no. maize and sorghum would provide the best alignment AY555143) and contains four apparent genes (Table 1) . of colinear genes. Therefore, we first sequenced an
The average gene density is one gene/36 kb. Three of ‫-061ف‬kb sorghum BAC, SB18C08, the largest among these four genes are clustered together and separated the overlapping BACs containing the sorghum Orp from the other gene by a cluster of intact retrotransposons, retrotransposon fragments, and a newly identified gene. After analyzing the gene content of BAC SB18C08, "Present" indicates that the genes listed are present in the corresponding regions of maize, rice, and/or sorghum.
CACTA-like transposon, fanal-1, which inserted into retovikoh, and pawepe) are discovered and named in this study. These elements constitute ‫501ف‬ kb of DNA, acrotransposon milt-1. The transposable elements on this BAC include six retrotransposons, five retrotransposon counting for ‫%55ف‬ of the retrotransposon-rich area or 33% of the whole region investigated. We also identified fragments, one DNA transposon (fanal-1), and two DNA transposon fragments (TNP-f and Tam3-f ), together acfour DNA transposons and/or fragments in the rice region, constituting 22 kb of DNA. counting for ‫%05ف‬ of this region.
The 313-kb rice genomic sequence contains 19 identiSequence comparison of colinear Orp regions of sorghum, maize, and rice: Three genes, 3, 8, and 9, are fied genes, including a triplication of one locus (genes 12-1, 12-2, and 12-3). The average gene density is 1 shared among rice, sorghum, and maize Orp1 regions, distributed across 25 kb in rice, 53 kb in sorghum and gene/16.5 kb, much lower than estimated for the whole rice genome (1 gene/7-9 kb; Feng et al. 2002; 68 kb in maize. The maize Orp2 region also shares three predicted genes, 2, 3, and 5, with rice and sorghum. Sasaki et al. 2002; Song et al. 2002; Yu et al. 2002 ; Rice Chromosome 10 Sequencing Consortium
These genes are distributed across 17 kb in rice, 35 kb in sorghum, and 18 kb in maize, respectively. In addition 2003). This low gene density is mainly due to the presence of a large cluster of repetitive DNA that harbors to genes 2, 3, and 5, one more gene (gene 7) is shared between sorghum and the maize Orp2 region. Several only four predicted genes (Figure 1 ). This repetitive domain is predominantly composed of LTR retrogenes are missing from one or more of the four otherwise colinear segments (Figure 1 ). This dramatic variatransposons, including nine intact elements, five solo LTRs, and five truncated fragments, three of which (ifisi, tion of gene organization and intergenic distance is due to both the variable amount of intergenic repetitive orthologous genes, on the basis of comparative analysis of two species we do not know whether they were gained DNAs and the local genic rearrangements, such as deletions or insertions of genes. The maize Orp1 and Orp2 or deleted in sorghum or in rice. However, for genes 4, 6, and 7 (present in sorghum or maize but not in rice), regions share only gene 3, the Orp loci. Hence, as observed at adh1 and lg2/lrs1 loci (Ilic et al. 2003; Lang- the simplest explanation suggests that they inserted in these locations in the lineage that gave rise to sorghum ham et al. 2004), most of the duplicated genes present from the tetraploidization of the maize ancestor ‫9.11ف‬
and/or maize. An inversion of a cluster of four predicted genes MYA have been reduced by deletion to a near-diploid state (Swigoňová et al. 2004) . The colinearity of the (genes 17, 18, 19, and 20) was detected between rice and sorghum. These four genes are arranged in the Orp genes and other genes shared between maize and sorghum and between maize and rice ( Figure 1) does indica genome in the same order as present in japonica (Figure 2 ), but it is not clear whether the inversion indicate that the maize Orp1 and Orp2 regions are homeologous segments derived from the two diploid prooccurred in an ancestor of rice or sorghum. In rice, we discovered three copies of gene 12 (12-1, genitors of maize.
Among the orthologous regions (from gene 2 to gene 12-2, and 12-3) that were not tandemly arrayed. Gene 12-1 remains intact, while genes 12-2 and 12-3 are trun-9) shared by sorghum, rice, and maize, several gene rearrangements can be attributed to specific lineages cated at their N termini when compared with rice gene 12-1 and sorghum gene 12. If the divergence time for because we can compare four chromosomal segments: (1) Gene 5 adjacent to Orp1 was deleted in maize; (2) rice and sorghum ancestors is 60 MYA (Wolfe et al. 1989; Kellogg 2001) , we roughly estimate that the first genes 4 and 6 were inserted into the sorghum region after the divergence of sorghum and maize ancestors; duplication of rice gene 12 homologs occurred ‫52ف‬ MYA. However, because only gene 12-1 appears to be and (3) gene d was acquired by the maize Orp1 region after the divergence of sorghum and maize ancestors intact, the truncated genes 12-2 and 12-3 may be evolving more rapidly than functional loci that usually follow (Figure 1 ). In addition, 3Ј to Orp1 in maize, genes 1 and 2 were found to be deleted by analyzing the next standard molecular clocks. Hence, this first duplication may have occurred much Ͻ25 MYA, and, similarly, the maize BAC that is downstream of Orp1 and contains the Fie1 locus .
second duplication (yielding genes 12-2 and 12-3) may have taken place more recently than the 8 MYA that we Extended comparison of colinear Orp regions of rice and sorghum: The sorghum Orp segment was compared calculated. Gene 12-2 is arranged in inverted orientation relative to 12-1 and 12-3 in rice and gene 12 in sorghum, with the continuous 313-kb orthologous region of rice. We found numerous alterations in gene content, order, an event that probably occurred after the second duplication. In addition, putative genes a and b were found and orientation. A total of 14 predicted genes were found to be shared, distributed across 313 kb in rice between genes 12-1 and 12-2 and between genes 12-2 and 12-3, respectively. The extra three genes (a, b, and and 159 kb in sorghum, whereas 13 additional genes were not in orthologous locations. This includes 8 genes c) in rice are also truncated. Altogether, these data indicate a high frequency of several different types of (1, 4, 6, 7, 13, 15, 16, and 22) present in this region of sorghum but absent in the orthologous region of rice, genic rearrangement in this specific region of rice. Chromosomal locations of homologs in rice and Araand 5 genes (a, b, c, 12-2, and 12-3) present only in the rice region. Inspection of the adjacent BACs to the rice bidopsis: Nearly complete genomic sequence and comprehensive sequence annotation of the Arabidopsis and contig that we analyzed in this study indicated no copies homologous to genes 1 and 22. For most of the nonrice genomes allowed us to investigate the nature of 01000069, AAAA01004112, AAAA01006364, AAAA01-008548, AAAA01009470, AAAA01009525, AAAA009834, org/servlets/sv). The rice and Arabidopsis homologs closest to the corresponding sorghum genes and their AAAA01013675, and AAAA01023118) from indica that have unique matches in both the japonica genomic sechromosomal locations in individual genomes are summarized in Table 2. quence and the indica whole-genome shotgun sequences, suggesting that these segments are ortholoAll of the identified genes (1, 4, 6, 7, 13, 15, 16, 22 , and d) absent in the rice Orp region were found to have gous ( Figure 2 ). We found eight LTR retrotransposons or fragments homologs in both the rice and the Arabidopsis genome protein databases (Table 2 ). These homologs (the best uniquely present in the Orp region of japonica, although seven LTR retrotransposons or fragments were shared matches) are distributed along several different chromosomes, including chromosomes 2, 4, 5, 6, 7, 9, and 12 by indica and japonica in the comparable regions ( Figure  2 ). For all LTR retrotransposons that are relatively inin rice and chromosomes 1, 2, 3, 4, and 5 in Arabidopsis (Table 2) . None of these genes were closely linked to tact, we employed LTR divergence as a tool to date approximate times of insertion (SanMiguel et al. 1998) . each other on any rice or Arabidopsis chromosome (data not shown). Genes 1, 7, 13, and 22 have only We found that all intact LTR retrotransposons uniquely present in japonica were younger than 0.44 MY (the single copies in both rice and Arabodopsis genomes, suggesting but not proving that these loci are ortholoestimated divergence time of indica and japonica, Ma and Bennetzen 2004) and that all shared intact elegous and further suggesting that numerous independent rearrangements involving these genes must have ments had inserted Ͼ0.44 MYA (Figure 2) . Hence, it appears that this retrotransposon block has been continoccurred after the divergence of sorghum and rice lineages. Multiple copies were observed for genes 4, 15, uously and independently expanding in both indica and japonica lineages by insertion of LTR retrotransposons. 16, and d in both rice and Arabidopsis.
A rapidly evolving retrotransposon block in rice: The The relatively intact LTR retrotransposons found in the maize Orp1 and Orp2 regions are all recent inserrice interval contains a transposable element-rich region, composed mainly of LTR retrotransposons ‫501ف(‬ tions. The majority of intact elements inserted Ͻ2 MYA (Figure 3 ). Our estimate is consistent with the previous kb of DNA). This regions occupies ‫091ف‬ kb of DNA, but contains only five genes, including two that are dating of LTR retrotransposons in maize (SanMiguel et al. 1998; Swigoňová et al. 2004 ). duplicated (Figure 1) . This segment contains a high percentage ‫)%55ف(‬ of LTR retrotransposons, similar
The structure of a rearranged retrotransposon: We identified a rearranged LTR retrotransposon, grande_ to that recently observed in the centromeric region of rice chromosome 8 (Wu et al. 2004) .
573F08-1, in the Orp1 region of maize. Its unusual property is that a region of 2145 bp directly upstream of the The assembled whole-genome shotgun sequence generated from indica cultivar 93-11 (Yu et al. 2002 ; Zhao 5Ј LTR is very similar (Ͼ97% identical) to the sequences cal (10 transitions, 2 transversions). This apparent conversion tract of Ͼ2145 bp (including an unknown length of sequence in the 5Ј LTR) is relatively long, but conversion tracts of Ͼ3 kb have been observed in maize (Dooner and Martinez-Ferez 1997; Yandeau-Nelson et al. 2005) .
DISCUSSION
The comparative genomics approach for gene identification: In this study, five genes were identified by comparison of colinear regions containing the maize Orp genes and their orthologs in rice and sorghum ( Figure  1 ; Table 3 ). All of these genes are also present in the Arabidopsis genome (http://www.arabidopsis.org/serv has been observed for all the orthologous or colinear segments compared among maize, sorghum, and rice . However, numerous small conupstream of the 3Ј LTR. The likely origin of this element served noncoding sequences have been identified bestructure by unequal conversion is presented in Figure  tween orthologous genes in multiple plant species, most 4. Figure 4C Figure 4 , is not included. The 13.9-kb In addition to the conserved orthologous genes, we grande element is 5Ј-flanked by 2145 bp sharing 2093 identified 10 more genes in maize, rice, or sorghum identical base pairs with the 3Ј portion of grande_ that exhibited significant similarity to one or more an-573F08-1 immediately upstream of its 3Ј LTR (but difnotated Arabidopsis genes on the basis of BLASTX fering by four indels of 1, 9, 15, and 20 bp). A total of searches (Table 1) . Because the lineage that gave rise 44 of the mismatches are transitions and 8 are transversions. Both LTRs are 627 bp, of which 615 bp are identito Arabidopsis has evolved independently from the grass lineage for Ͼ150 million years (Wolfe et al. 1989) , it is leading to "zero retention" of duplicated factors, excluding the lg2/lrs1 gene pair. In contrast, Ͼ40% of the total likely that the conserved sequences between Arabidopsis and grasses are genes.
genes from each homeologous region were found to have been deleted by several separate deletion events Gene-finding programs such as FGENESH, GEN-SCAN, and/or Genemark.hmm are useful but imperfect in the maize adh1 region and its homeologue, indicating that both regions have been equally unstable compared tools for gene identification. These programs predicted 40, 4, 16, and 27 additional genes in the Orp regions of to their orthologs in sorghum and rice (Ilic et al. 2003) . However, at least one copy of all orthologous genes rice and sorghum and the Orp2 and Orp1 regions of maize, respectively, beyond those we consider valid gene appears to be conserved between the two homeologous regions in all cases investigated, suggesting that natural candidates (Table 3) . Of these predicted genes, 28 (70%), 2 (50%), 15 (94%), and 27 (100%), respectively, selection has acted against loss of all copies of any of these genes. were found to have the structure and/or the highest sequence similarity to transposable elements (Table 3) .
Timing of gene loss in the Orp region of maize: We cannot precisely determine the times of gene deletion However, 12 predicted genes in rice (11 scattered in the transposon-element-rich area of the Orp segment), or insertion events in the Orp1 region of maize, although our comparative data indicate that they took place after 2 predicted genes in sorghum, and 1 predicted gene in maize are unclear in origin, so we did not annotate the divergence of maize and sorghum. The extensive deletion of genes and low-copy-number sequences apthem as genes. Because these predicted genes have no homologs in Arabidopsis or in any other genome, we pears to be a common feature of genomes with polyploid origins, such as Arabidopsis (Arabidopsis Gethink they are rapidly evolving transposable elements or some other nongenic DNA.
nome Initiative 2000) and maize Song et al. 2002; Ilic et al. 2003) . The elimination of Gene content instability in the two maize subgenomes: Our results are consistent with the hypothesis of a recent low-copy-number sequences has also been detected in newly formed polyploids (Song et al. 1995 Langham et al. (2004) . By comparsmall genic rearrangements. Apparent insertions of genes 1, 4, and 6 were detected in sorghum compared ing the maize lg2 region and its homeologous lrs1 region, Langham et al. (2004) found that a cluster of four to rice and maize. No gene deletion or insertion was found in the two gene-clustered regions that are sepapredicted genes 3Ј to the lrs1 locus have been deleted, rated by a cluster of transposable elements in rice. This
In our dating of relatively intact LTR retrotransposons in the rice genome, we found that the average age is observation parallels observations in adh (Tikhonov et al. 1999; Ilic et al. 2003) , sh2/a1 (Chen et al. 1997;  ‫3.1ف‬ MY , while in the retrotransposon block of the rice Orp region, the average age of all Li and Gill 2002), and php200725 orthologous regions, indicating that rice has a relatively datable LTR retrotransposons is ‫7.0ف‬ MY. Moreover, we demonstrated a minimum of eight new transposon stable gene content and order compared with maize, sorghum, or wheat.
insertions within the japonica region since the divergence from a common ancestor with indica, adding at Interestingly, all of the noncolinear genes present in the Orp region of sorghum and/or maize were found least 53 kb of new DNA to a target region of 190 kb. This is about a fourfold higher frequency of insertion to have very similar copy numbers in both rice and Arabidopsis, indicating copy-number conservation for than that observed for 1 Mb of chromosome 4 DNA from our earlier indica and japonica comparison (Ma Ͼ150 million years of independent evolution (Wolfe et al. 1989) . For four noncolinear genes, only single and Bennetzen 2004). A high percentage of repetitive DNA was observed in homologs were detected in both rice and Arabidopsis. If one assumes that these single-copy homologs are orthe centromeric region of rice chromosome 8. In this region, LTR retrotransposons account for at least 50% thologous to the corresponding genes identified in sorghum, then it is clear that synteny or colinearity is not of the DNA (Wu et al. 2004) , and Ͼ80% of these elements were amplified before the divergence of indica a perfect indicator of orthology. The relocations of these genes may have occurred in the rice and/or sorghum and japonica (J. Ma and J. L. Bennetzen, unpublished observations). In contrast to the centromeric region, lineages. Alternatively, these four genes may be paralogous to the corresponding genes detected in rice be-55% of the transposon-rich segment of the rice Orp region is composed of LTR retrotransposons, and about cause deletions removed the actual orthologs. Hence, on the basis of current data it is impossible to say half of them were amplified after the divergence of these two subspecies (Figure 2 ). This high rate of transposon whether these genes were deleted, inserted, or relocated in the rice and sorghum genomes.
insertion, plus the presence of a nontandem gene triplication and several noncolinear truncated genes in the All identified genes in the japonica Orp region were found to have homologs in the homologous region of Orp region, suggests that this block is a hotspot for several different kinds of genome rearrangement. It will indica rice. Because most assembled shotgun sequences from the indica genome are relatively small, we did not be interesting to see if other retrotransposon blocks exhibit this type of exceptional instability when other obtain the complete Orp region of indica and thus cannot compare order or orientation of these sequence comparative studies are performed. An intraelement retrotransposon conversion event: fragments. It is also not clear whether any genes are uniquely present in the indica region. However, comWhile maize retrotransposons are frequently intact at their termini, including the presence of short, flanking plete japonica and indica sequences of the php200725 region show complete conservation of gene order in host-site duplications, there is no shortage of more tattered elements present in any maize BAC sequence. both subspecies Here we suggest that this phenomenon may explain a larger group of rearrangements simply by pos- , supporting the previous observation that the rice genome exhibits relatively staiting that an unequal recombination event initiating inside LTRs might migrate outside a terminus of these ble gene content in contrast to the maize genome Ilic et al. 2003) .
LTRs. While Figure 4 depicts a recombination event with symmetric exchange of strands, nonsymmetric A hotspot for gene rearrangement and the insertion of LTR retrotransposons in rice: We found a large LTRevents should also occur. These would yield the same outcome. Repair of heteroduplex DNA will also play a retrotransposon-rich segment in the rice genome that contains few genes, and all of the genes within this role in these sorts of recombination events and this could result in more complex rearrangements than deretrotransposon block were either duplicates or noncolinear inserts relative to sorghum. Our data indicate picted if the repair was noncontinuous over the recombination tract. that this rice region has expanded rapidly by insertion of LTR retrotransposons in the past 2 MY, with most One other model could be proposed to explain the structure that we found. Two grande elements (most insertions in the few hundred thousand years since the divergence of indica and japonica ancestors. The ancient likely proximate to one another) on the same chromosome in the same orientation could recombine uninsertions (Ͼ1 MY old) in this region indicate that it has been a hotspot for transposon accumulation for a equally to create a double element, sharing an LTR. But a second event would be required to explain the long time, while the recent insertions suggest that this insertion affinity is still present.
deletion of the 5Ј-end of the 5Ј-element. This second
